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Abstract—The authors have designed and demonstrated a
pulse-driven Josephson digital/analog converter. When used as a AC Voltmeter |
programmable voltage standard, this device can synthesize metro- 7
logically accurate ac waveforms as well as stable dc voltages. We f
show through simulations that Josephson quantization produces MK
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a nearly ideal quantization noise spectrum when a junction is  Pulses I_
driven with a typical waveform produced by a digital code In N Junctions
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generator. This technique has been demonstrated in preliminary
experiments with arrays of 1000 junctions clocked at frequencies

up to 6 Gb/s, where sine waves of a few millivolts in amplitude
were synthesized at frequencies up to 1 MHz.

. Fig. 1. Josephson array pulse quantizer for a D/A converter.
Index Terms—Array, D/A converter, digital/analog converter,

Josephson, Josephson junction, pulse, quantization, superconduc-

tor, voltage standard. Different output voltages are programmed by using indepen-
dent bias currents to select the voltage of each array segment

I. INTRODUCTION in the binary series, for whicltv =1, 2, 4, ---, 16 384.

To improve the performance of these arrays, NIST has

eveloped a superconductor—-normal—super conductor (SNS)

ilayer junction technology [2], [3]. These SNS junctions

e large critical currentd, > 1 mA, that provide higher

(NIST) is developing Josephson digital/analog (D/
converters as fast programmable voltage standards for

following applications: 1) calibration of dc reference standar tput current and better stability against noise. Their internal
and digital voltmeters; 2) characterization of commerciq

. o sistance results in a nonhysteretic current-voltage curve that
D/A and A/D converters; and 3) generation of digitally y g

thesized p ith calculabl i IS inherently stable without the use of external shunt resistors.
synthesized ac wavelorms with calculable root mean Squasfyq junction technology and circuit design has advanced to

(rms) voltages. In the last application, primary standargs. \cve| where a binary sequence circuit with 32768 SNS
for ac voltage presently rely on thermal voltage converte gnctions in nine independently selectable arrays on a single

that compare the _heatlng effect of ac and dc inputs. D|r_ ip has demonstrated stable accurate voltages over the range
waveform synthesis from a Josephson source would prov Sm 12 t0o 112 V [2]-[6]. This circuit is already being

Sntmdgpgndtehnt method forfr:;]aklnglac Il;neasuremertns and 8Ed in applications where perfectly stable and programmable
etermining the accuracy of thermal voltage converters. . voltages are required.

In 1995 Hamiltoret al. proposed a Josephson D/A converter Although the binary-sequence design is adequatefdst

based on a b"?ary sequence of Se?‘es arrays of _resistiv %gramming ofdc voltages, in the first two applications
shunted tunnel Jun<:_t|on§ [1]. Whe_n biased with a microwa fsted above, it has not proved practical for generafiast
frte(?/ue_ncyf ' ;acr]rdungnon Exmb'tfs constant voltl?ge Stetpz?c waveforms. Switching the bias of selected arrays produces
"}l( __4”fr/ 7J' GHe /Vos_ep s(;)nf_ redquenc){- O£V§1 a:g_E ra Igwitching transients that result in a substantial uncertainty in

J - 83597.9 4V 1S a de |n,e constant that IS apy,q generated waveform [7]. However, instead of changing
proximately 2e/h, whereh is Planck’s constant anel is the the quantum numbe or number of junctionsV, the output
elemfntary chargé-:-. Thehquantugn ste% nurlrvbgﬁ ?1’ 0, . voltage can also be controlled by changing the excitation
or +1, corresponds ot € number and po arity o Junc_t'oﬂequencyf. Recently, we have shown that if a pulse excitation
pulses per period/f and is determlned.by the array blasis used instead of a sine wave, the step amplitude is inde-
The average dc voltage of each array/fjunctions is pendent of the pulse repetition frequency for all frequencies
below a characteristic frequengy = I.RK ;, whereR is the
junction’s normal state resistance [8], [9].
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:% o e | | | | ] Fig. 3. A block diagram of a delta—sigma digital-to-analog converter based
0 50 100 150 200 250 300 350 400 on pulsed Josephson junctions(t) is the desired waveform anfl’(t) is
Time (pS) the output waveform.
Fig. 2. Input current (top), junction voltage (middle), and time integral of the

junction voltage (bottom) for a pulse driven Josephson junction, illustratifpodulator outputS(¢) is therefore a long digital sequence
guantization qf the junction voltage. Pgak input amplitudes range frpm: @here the density and sign of the levels are proportional to the
0-2.4 mA (5 lines), (b) 2.9-5.9 mA (6 lines), and (c) 6.8-9.6 mA (5 lines).. . . ,
input. The Fourier spectrum of the resulting output c&qé)
consists of the desired waveform plus additional harmonics of
integrated arean/K ; across each junction it passes. As irf (andf/m for m > 1 period) that are known as quantization
(1), n is an integer that corresponds to the number of junctiomwise. We chose a particular modulator called a second-order
pulses for each input pulse. Thus a pulse train of frequendglta—sigma modulator that uses a quantizer (delta modulator),
f propagating down the line generates an average voltageintegrator (sigma), and feedback of the quantized signal to
nNf/K; across the array. A complex output waveform caminimize the output quantization noise and thereby increases
be generated by gating the input pulse train with a long digitéde signal-to-noise ratio and dynamic range over a desired
word generator. A knowledge of the digital code, the clockequency bandf, [10]. Specifically, we used a second-order
frequency, and the number of junctions in the array is sufficiedélta—sigma modulator (not shown) with two feedback paths
to precisely calculate the output waveform. Since there is ordyd two integrators that provides a total rms quantization noise
one array, the uncertainty associated with switching betwenthe signal band given by, ~ 1.27A (OSR)"%/2, where
arrays is eliminated and the number of Josephson pul€@SR= f,/(2f,) is the oversampling ratio.
occurring in any time increment is calculable. For a repetitive waveform, the modulator generated code is
The pulse quantizing behavior of a Josephson juncti@alculated just once and stored in the circulating memory of
can be readily understood by the numerical simulation ofthe digital code generator. The digital code generator recreates
resistively shunted junction model. Fig. 2 shows a sequencetioé waveform as an output voltage in real tildg(¢) by
current inputs applied to a single junction (top), the junctioclocking the memory at the sampling frequency. Each output
voltage (middle), and the time integral (area) of the voltag#igit generates either a negative or a positive current pulse that
pulses (bottom). The three sets of input current pulses (a)-i&)aunched into the Josephson array stripline. The Josephson
each span a peak amplitude range that corresponds to dhey quantizes the time integral of the pulses producing a
quantum integers = 0, 1, and2. For example, for the currenttime-dependent analog output voltage(¢). The modulator
range from 2.9 to 5.9 mA in Fig. 2(b), the junction generatesgnal bandwidthf, is chosen larger than the low-pass filter
exactly one voltage pulse for each input pulse correspondibgndwidth. Since most of the quantization noise occurs at
to n = 1 quantization. The shape of this voltage pulse variéeequencies far abovg,, a low-pass filter can eliminate it,
with the input current pulse amplitude, but its time integral igaving only the desired wavefor§i(t) ~ S(t). Systems like
exactly 1/K ;. In a series array ofV junctions the voltages that shown in Fig. 3 (without the Josephson pulse quantizer)
across all junctions add. If the input current pulse amplitudhat generate analog signals by summing many pulses are
is in the range that generates just one output pulse for ealed delta—sigma D/A converters.
junction, then the output pulse time integral is exactlyK ;. In order to produce a bipolar ac voltage, the Josephson
Fig. 3 is a block diagram of the process that is used toray requires both positive and negative pulses. This requires
synthesize a desired sine wave of frequerfcgr any other Sp(t) to be a three-level voltage input pattern with a 0-V
periodic waveform from quantized Josephson pulses. Thevel in between thetA high level and—A low level of
process begins with the modulator algorithm block, a computeit pattern S(7). In our present experiments we use a two-
program that digitizes: periods of an input sine wav&(t) at level voltage output pattern, which allows the creation of only
a sampling frequency,. A two-level modulator with spacing unipolar output waveforms. An example of a simple two-level
A generatesn /N, two-state £ A/2 or +A/2) digital samples, bit pattern for creating a unipolar sine wave is shown in the
where N; = f,/f is the number of samples per period. Thénset of Fig. 3.
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Fig. 4. The simulated Fourier spectra of the signals in the Josephson delta—sigma D/A converter. (a) Spectra of input codes prior to Josepéison quantiz
and (b) spectra of Josephson quantized output waveforms.

Next we demonstrate why the Josephson quantizer is Bne quantization noise within the modulator signal band has
essential component of an accurate D/A converter by canecreased about 50 dB over the ideal digital code so that
sidering the Fourier spectra of the intermediate waveforrtse spectrum is not sufficiently calculable to be useful for
in Fig. 3. Consider a 1-MHz unipolar sine wave with peaknetrology.
amplitudeV,, = A/4, havingm = 4 periods and sampled Next we bias a Josephson junction (or array) with this real
at 2.56 GHz. Since the sine wave is generated by repeatitigital code. We use the optimum pulse width= (2f.)~!
the digital sequence indefinitely, the Fourier transform of tH8]. The junction equations are integrated to find the periodic
digital codeS(¢) is a line spectrum with a dominant line atsolution [11], resulting in the junction output voltagg (¢).

f = 1 MHz. The line spectrum for this “ideal digital code” The corresponding “Josephson quantized code” spectrum in
is shown in Fig. 4(a), where for clarity we have connecteléig. 4(b) is almost identical to the ideal digital code spectrum.
the points representing the power in each harmonic. The pégius, even though the Josephson array does nothing to improve
at 1 MHz is the desired sine wave signal, and all of théme jitter and it does not quantize the pulse amplitudes, the fact
other lines are quantization noise. The oversampling ratio thiat the time integral of the pulses is quantized is sufficient to
the delta—sigma modulator is 128. This produces a modulafmoduce a nearly ideal spectrurithe effect of the amplitude
signal bandwidth of 10 MHz within which the quantizatiorand phase distortion in the input digital code and random
noise of all harmonics are at least 100 dB below the signeédriations in junction parameters is to reduce the current
frequency. bias margin of the circuit and reduce the current that can be

If we could directly generate this perfect digital code, thesupplied to a load.
there would be no need for the Josephson array because Big. 4(b) also shows the result whéfty(¢) is filtered by a
perfect digital code is quantized by definition. However, théhree-pole Butterworth transfer function with a 5-MHz cutoff
outputSp, of typical digital code generators has amplitude anidequency. The resulting final output wavefo§(¢) is shown
phase distortion. When we recompute the spectrum includiag the “filtered output spectrum.” The Butterworth cutoff
realistic values for the amplitude and phase distortion (nornfaéquency is chosen to be one-half of the 10-MHz modulator
distributions witho = 2.5%) that is uncorrelated with the signal bandwidth so that the filtered output spectrum rolls off
input sine wave, the result is the “real digital code” curvewith increasing frequency. Under these conditions, uncertainty
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in the filter cutoff frequency does not significantly affect the T T ]
accuracy of the final output voltage. -20 Fundamental i*
In metrology applications we wish to generate a pure sine 20 39 dB
wave with a large signal-to-noise ratio but, in particular, the Qg )
smallest possible uncertainty in the rms signal voltegeThe = 60 o«
(?OI’]tI‘IbUt.IOI’] to the rms voltage of the qganhzatlon noise in the g 2nd Harmonic (@)
filtered signals’(¢) is the uncertainty of interest. If we assume 2 g
that the total in-band quantization noise of the Josephson
guantized signal is approximately the same as that for the ideal  -100 j J I
code, then the uncertainty in the rms voltage of the synthesized 20
sine wave isU ~ n2/(2 V2) = 162 (OSR)>(A/V,)? A U S O D O
[10]. One can therefore choose an appropriate oversampling 40 Fundamental 1
ratio for a desired uncertainty and output voltage. Uncertainty x
less than one part in I@can be achieved using second-order & -60 75 dB
delta—sigma modulation for synthesized sine waves with peak & [ (b)
amplitudeV,, > 0.1(A/2) by choosing an oversampling ratio Z -80 I
greater than or equal to 92. For example, such sine waves ~ 100 2nd Hlarmomc
with frequencies up to a modulator band width of 30 MHz i ] =
can be generated with a digital code generator having a 6-
GHz sampling frequency. In the example of Fig. 4 where OSR 20 26 32 38 44 50
= 128, the quantization noise increases the rms voltage by Frequency (kHz)
only one part in 10, Fig. 5. Measured Fourier spectra showing that the quantizing effect of the

: : P y improves signal purity. (a) Digital code generator spectrum and (b)
In other simulations, JOSEphson quantization reduces plified spectrum of Josephson array voltage. Both spectra are taken with

quantization noise from digital codes having realistic valugsi-Hz resolution bandwidth and a 1-Hz video bandwidth. The unlabeled
of voltage and phase distortion that are correlated to thignals are spurious.
bit pattern, similar to the uncorrelated case above. However,

both cqrrel_ated a_nd uncorrelated distortion may i”tmd“‘f—?owever, the output spectrum of the digital code generator,
harmonics in the filter bandpass whose magnitude JosephsfABun in Fig. 5(a), shows the measured power in the second

quantization does not fully reduce to that of the ideal digitg]5rmonic is only 39 dB below the fundamental. The large
code. Nevertheless, with appropriate modulator design ond harmonic as well as large higher harmonics (not
oversampling ratio, present technology is capable of synthesig,

) . i ; -Sfiown) are caused by voltage levels of the digital code
ing sine waves at frequencies below 30 MHz with uncertainfyo+ are correlated with the density of 1's. The spectrum of
less than one part in 1

Oln practice, other effects, such agye corresponding amplified Josephson array output is shown

common mode rejection or electromagnetic coupling betwegn Fig. 5(b). For the Josephson array output, the difference

input and output, will dominate the uncertainty of the outPWearween the fundamental and second harmonic is 75 dB.

voltage. Comparison of spectra (a) and (b) shows that the Josephson
array circuit has reduced the nonideal harmonics by about
36 dB. Similar harmonic reduction is obtained for signal
frequencies of 2.34 and 234 kHz.

In order to demonstrate these ideas, we have designedhis experimental result verifies that the quantizing effect
and fabricated a circuit consisting of a 7-mm-long arrayf Josephson junctions will greatly reduce particular types
of 1000 junctions along the center conductor of a{50-of distortions inherent in the output of conventional digital
superconducting coplanar stripline [3], [9]. The stripline igode generators. However, the second harmonic, at 75 dB
terminated by a 5@ resistor and connections to the endpelow the fundamental, is still 25 dB greater in amplitude
of the array are made through low-pass filters. Equation (fhan expected. The most probable reason for this discrepancy
shows that the maximum voltage range of this test circuit j§ electromagnetic coupling of the input digital code signal to
only a few millivolts. This is sufficient for our feasibility study, the output leads, either on the chip or at the chip end of the
but much larger circuits with up to 100000 junctions will bgyrobe where signals are launched on and off the chip. Other

required for practical D/A converters. sources of measurement uncertainty are discussed below.
Fig. 5 is a preliminary experimental verification of the

theoretical results of Fig. 4. In this experiment we synthesize
one period of a 23.4-kHz sine wave using a 256-kb code
and a 6-GHz clock frequency. The sine wave is unipolar We have established that a Josephson junction biased with
with a peak-to-peak amplitude of 4.3 mV. The digital code ia conventional digital code generator can generate voltage
generated by a second-order delta—sigma modulator algorithmveforms in which the quantization noise contribution to the
with an oversampling ratio of 256. In the absence of noisens output voltage is on the order of one part iff.10here is,

or jitter, this ideal code yields harmonics at least 100 dierefore, the potential to develop an ac voltage source with an
below the fundamental for all frequencies below 50 MHaincertainty at least 100 times better than the state of the art in

I1l. EXPERIMENTAL RESULTS

IV. UNCERTAINTY IN THE MEASURED AC VOLTAGE
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ac voltage measurements, particularly at megahertz frequéms uncertainty by using short lengths of cable and by defining
cies [12]. However, there are several sources of uncertaiyplane where the ac voltage is known. For our prototype
in the voltage measured by an ac voltmeter external to thalse-driven array standard the defined ac voltage is on a chip
cryostat that challenge the attainability of this uncertainty ared one end of a probe inside a liquid helium Dewar. The probe
constrain the design of the ac voltage standard measurenfentthe present experiments used a 1-m-long coaxial cable.
circuit. The magnitude of the errors that result depend on the type
The design of the passive componetfs and Z...,, in of cable, its length, the signal frequency, and the quality of
Fig. 1 is critical in order to achieve the lowest possibléhe connectors used. As an example, the error in the 1-MHz
uncertainty in the measurement of the generated voltage signal voltage measured by an ac voltmeter with a high input
Zierm IS required to eliminate pulse reflections at the enichpedance is approximately 500 10~¢ for a 1-m length of
of the line. Any such reflections result in nonuniform inpuRG-58 coaxial cable with perfect connectors. Since the error is
pulse coupling to the junctions along the line. If the inpytroportional to the square of the length, it could be reduced by
pulse amplitude for any junction falls outside the quantizatidwo orders of magnitude by using a probe and helium cryostat
margins illustrated in Fig. 2, then the output amplitude is ndesigned to allow the use of 0.1 m cable length.
longer calculable. Howevet/;.,,, also generates an error in
the measured voltage through the voltmeter’'s finite common
mode rejection ratio (CMRR). In earlier experiments, the ) _
common mode voltage at the signal frequency generated bympPlementations of Josephson voltage standards prior to
Zierm Was more than 100 times greater than the signal this work use a fixed frequ_ency to trigger quantm_ad junction
generated by the junctions. Thus, to achieve a one partAH!Ses that are averaged into a dc voltage. In this paper we
10° uncertainty in the measurement df.., the voltmeter demonstrate r_mow a complex pattern of p.ulses driving an array
would have needed a CMRR of greater than 160 dB—a mé'gt 1000 Junptlons produces a smooth sine wave output with
unreasonable requirement. The 1000 junction test circuit Hgh resolution and accuracy. Efforts are underway to increase
been designed to reduce these common mode voltagedfp Number of junctions and the clock frequency to achieve
below the signal voltage amplitude. Further improvements afevoltage range oftl V. Success in this effort will lead
required, particularly for higher signal frequencies where @ @ néw programmable Josephson voltage standard that can
CMRR of voltmeters is lower. produce quantum mechanically accurate dc and ac voltages
A second challenge is to design the output filtgsat either with a frequency range from 0 to 30 MHz.
end of the array. These filters need to have a high impedance
at the clock frequency so as not to disturb the input pulses, ACKNOWLEDGMENT

and they must be a low impedance at the signal frequency serhe authors would like to thank R. Schreier for use of his
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circuit design, is a considerable challenge.
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